Abstract-A simple optical inclinometer based on a phaseshifted Bragg grating in a taper configuration is proposed. Two phase-shifted fiber Bragg gratings were fabricated using a DUV femtosecond laser technique in the taper region, with taper waist diameters of 30 μm and 50 μm. Both sensing heads were compared based on their response to angle and strain. Whereas the higher diameter sensor yielded a higher sensitivity to curvature (23.8 ± 0.3 pm/degree), the lower diameter one was more sensitive to strain (8.94 ± 0.04 pm/με).
I. INTRODUCTION

M
OST FIBER Bragg gratings (FBG) designed for practical applications are non-uniform grating structures. Often the main reason for choosing a non-uniform design is to reduce the undesirable side lobes prevalent in uniform-grating spectra. However, many other optical properties of fiber gratings can be adjusted by tailoring the grating parameters along the fiber axis. Sharp, well-defined filter shapes are rapidly becoming critical characteristics for passive components in dense wavelength division multiplexed (DWDM) communication systems. On the other hand, chirping the period of a grating enables the dispersive properties of scattered light to be tailored [1] .
Sometimes it is desirable to create discrete, localized phase shifts in an otherwise periodic grating. Discrete phase shifts can be used to open an extremely narrow transmission resonance in a reflection grating or to tailor the passive filter shape. The principle of the phase shift was demonstrated by Alfemess et al. [2] in periodic structures made from semiconductor materials, where a phase shift was introduced by etching a space at the center of the device. This forms the basis of the single-mode phase-shifted semiconductor DFB laser [3] . A similar device may be constructed in optical fibers using In terms of optical sensing, phase-shifted FBGs have been used to measure parameters such as vibration [5] , strain [6] and pressure [7] , [8] with increased sensitivity in relation to conventional FBG systems.
By tapering a standard single-mode fiber, the evanescent field of light propagating in the core can be coupled to the external environment [9] , enabling applications such as chemical or biological sensing [10] . In particular, tapers can be used to measure angles due to an intensity loss of the evanescent field when the taper is bent [11] . Taper structures can be achieved by etching the fiber cladding or by lengthening a portion of fused fiber. Gratings can then be fabricated in the tapered region resulting in enhanced properties, for example for strain sensing [12] .
In this letter, the authors present an optical inclinometer based on phase-shifted Bragg gratings in a taper topology. The phase-shifted FBG is fabricated through a DUV femtosecond laser technique in the taper region. The sensing head is characterized for different angles and also to strain.
II. EXPERIMENTAL SETUP
To develop the phase-shifted FBG-based sensing heads, a 2 mm wide slit was placed on a translation stage with an adjustable mirror in a conventional FBG fabrication setup based on the DUV femtosecond laser technique to perform a 2.5 mm displacement between FBG inscriptions. Each phaseshifted FBG was based on two FBGs written in the waist section of a tapered single-mode fiber. The taper region was fabricated using a VYTRAN glass processing platform which heats a portion of the fiber and pulls the ends of the heated segment [10] . Using the described method two tapered phaseshifted FBGs were fabricated, both with a total taper length of approximately 45 mm, differing only in taper waist diameter: one with 30 μm and the other with 50 μm.
To perform the sensor interrogation, a 100 nm broadband source centered at 1550 nm and an OSA with a maximum 1041-1135 © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. resolution of 0.01 nm were connected to the sensor through an optical circulator device to analyze the reflection response of the optical inclinometer. To measure the relationship between the spectrum and curvature, the sensors were set on a rotating platform with an uncertainty of 0.5 degrees. One end was stuck to a fixed position whereas the other was rotated between 0 and 90 degrees. Considering only the taper region is bent and supposing a circular arc geometry for the bending, the curvature radius is given by the taper length divided by the angle, which in our case corresponds to a range between 0 and 2.9 cm and a curvature between 0 and 35 m −1 . The setup scheme for angular characterization can be seen in Fig. 1 , as well as a picture of a bent sensor. For strain characterization, the sensing heads were placed on micrometric translation stages to control the subjected stretching.
III. RESULTS AND DISCUSSION
Both sensing heads present high reflectivities showing several peaks, as expected [13] , each 0.3 nm apart and with a FWHM of 0.2 nm. Fig. 2 depicts the spectral response of both sensing heads with an envelope FWHM of 1 nm.
For angular characterization, the sensing heads were interrogated in steps of 5 degrees between 0 and 90 degrees. When the sensing head is subjected to curvature the taper region is deformed, an effect that alters the phase-shifted FBG properties: the spectrum is redshifted and its intensity decreases [see Fig. 3(a) ]. The intensity loss is related with the fact that the taper is non adiabatic which results in a high coupling of light that propagates within the fiber core with the cladding. If the taper is bent, the light in the cladding region is lost to the external environment. The spectral redshift has a different origin. When a standard fiber with a phase-shifted FBG is bent, the neutral axis coincides with the geometrical axis of the fiber. Thus, no strong spectral dependency on curvature is expected. In the tapered case, if the curvature forces result in a non-ideal bending, for example due to irregularities in the taper structure, the geometrical core may be radially pushed away from the neutral axis. The gratings then suffer net positive tension, resulting in the observed spectral redshift. Fig. 4 shows the wavelength response to tilting for both sensors where two linear regimes can be identified. For angles lower than 30 degrees, the 50 μm sensor has a sensitivity of 8±1 pm/degree (r 2 = 0.92). For angles higher than 30 degrees, the 50 μm taper has a sensitivity of 22.4 ± 0.4 pm/degree (r 2 = 0.995) and the one with 30 μm has a sensitivity of 13.1 ± 0.3 pm/degree (r 2 = 0.995). It should be noted that the thicker 50 μm sensor has a higher sensitivity than the thinner 30 μm one. For a complete study of the sensitivity dependency on the diameter one should analyze this effect on a wider range of diameters. With such a small set of samples it is not possible to define a clear model to this problem. In future research, special attention should be paid to the taper structure, for differences in geometry could also be the source of stronger non-ideal bending effects.
When strain is applied without curvature, previous works have shown that FBGs in tapers have a much stronger response in wavelength than FBGs in standard SMFs. This result is expected taking into account that strain is related with tension T (force divided by area) by = T /E, where E is Young's modulus. Since the cross section area of the taper region is lower than that of the SMF28, for the same applied force the tension is higher for the taper. Consequently, tapers suffer a higher strain which effectively results in a higher strain sensitivity of the whole sensing system [12] . Fig. 3(b) shows the spectral evolution and Fig. 5 shows the peak wavelength shift when strain is applied to the sensing heads. The measured strain sensitivities were 8.94 ± 0.04 pm/με (r 2 = 0.9998) and 4.26 ± 0.02 pm/με (r 2 = 0.9997) for the 30 μm and 50 μm diameter tapers, respectively. Both sensitivities are high when compared with conventional FBG sensors [14] .
The sensor spectral dependence on temperature is expected to be similar to that of an FBG in a standard SMF as published in the literature [14] . Previous works have shown that an FBG response to temperature is solely related with the thermal expansion of the cristal that constitutes the fiber and the refractive index variation with temperature. Therefore it is geometry independent with sensitivities of the order of 10 pm/°C [9] .
IV. CONCLUSION
Phase-shifted FBGs where fabricated in tapered topologies in standard single-mode fibers. This type of structure effectively increases the sensor sensitivity when it is subjected to strain. The tapers where fabricated by elongating a heated fiber segment while the gratings where developed using a DUV femtosecond laser technique. Two sensing heads with different taper diameters where characterized to strain and angle.
When bent, the wider taper (50 μm) showed a higher sensitivity of 22.4±0.4 pm/degree in comparison to the thinner one (30 μm) with 13.1 ± 0.3 pm/degree in a range between 30 and 90 degrees. Future studies are being idealized to physically interpret this effect.
For no bending, the strain sensitivity of the 50 μm taper (4.26 ± 0.02 pm/με) was lower than the 30 μm taper 8.94 ± 0.04 pm/με. Thinner tapers have a smaller cross section and therefore give rise to sensors with higher sensitivity to strain.
Finally, a new sensing head can be proposed based on two different tapers with phase-shifted FBGs in series and it should be possible to use it for simultaneous measurement of strain and curvature. Be it in series or by itself, this type of structure can be used in several applications, namely in civil or aeronautical engineering for curvature or inclination sensing, in which case the sensor interrogation can be performed with cheaper and more practical techniques than an OSA, such as tunable optical filtering or interferometry [15] .
